Lead-free solders are offering better alternative properties compared to the conventional Sn-Pb solders. The requirements of soldered joints and solder alloys are good mechanical properties, wettability etc. The present work is about the investigation of tensile and shears properties of two alloys Sn-58Bi and Sn-57Bi-1.3Zn in comparison with conventional Sn-38Pb alloy. Contact angle, spread in area and capillary rise is also investigated in the present work. It is observed that the lead free solders have better mechanical properties in comparison with conventional Sn-38Pb alloy. The alloys exhibited good wettability behavior thereby exhibiting good solderability properties. SEM studies of tensile and shear fracture show ductile mode of fracture for Sn-Pb and Sn-Bi-Zn alloys whereas cleavage facets were observed incase of Sn-Bi alloy. Sn-Bi and Sn-Bi-Zn alloys are attractive alternatives to Sn-Pb solders in the lower processing temperatures like in printed circuit boards and other applications.
Introduction
It is often more economical to produce engineering components and structures by joining simple elements rather than to adopt casting or other methods of manufacturing. This is especially true for complex electronic circuit designs. Materials joining processes like soldering, brazing or welding incorporate one or more of the principles of physical metallurgy, viz, melting, alloying, deoxidation, degasification, diffusion and heat treatment etc.
Soldering is an extremely versatile joining technique with a long history [1, 2] of application, which extends from approximately 4000BC, through Bronze and Iron ages, and into the present Silicon Age. Soldering technology plays a key role in general engineering, electronic, telecommunication, automobile, and spacecraft industries [3] . Soldering is technically defined as joining of two base materials (typically metals or metallic coatings on non-metallic substrates) through the use of a third filler metal, called solder (from the Latin "solidare' meaning to make solid [4] ) with a melting temperature well below those of the substrate and typically less than 450˚C. Conventional soldering alloys are basically composed of lead and tin and are known as soft solders in contrast to the brazing alloys or 'hard solders', which are alloys of Cu / Ag / Al / Ni. Soft solders melt below 450˚C (often below 300˚C) while hard solders melt above 450˚ C. Tin will readily alloy with iron and steel, copper and its alloys, nickel and its alloys. Figure 1 is the thermal equilibrium diagram of conventional SnPb system from which two types of solders depending on the freezing range required could be selected. The first type-eutectic or near eutectic alloys called 'Tin man's Solders' solidify quickly over a narrow temperature range and are used in the electronic industries, motor-car radiators etc. The second type called plumbers' solders with extended freezing range (183-250˚C), will be in a pasty state enabling the plumber to wipe the joints in lead pipes and cable sheathing. Addition of a small amount of antimony results in solid solution strengthening of solders. Copper alloy joints will crack through the interface due to hard and brittle film of Cu31Sn8 or Cu6Sn5 on exposure to elevated temperature (below the melting point of solder). The problem is overcome by soldering copper with an alloy of 97.5Pb-2.5Ag; whilst lead and copper are insoluble, silver alloys with both lead and copper without forming any brittle compounds.
The wide spread use of tin-lead solders [5, 6] is primarily due to the low cost, wetting or alloying and satisfactory strength properties for lifetime performance. Further the low melting temperatures make processing compatible with printed wiring board laminates and electronic devices. Bi. Bi has a rhombohedral crystal structure with directional covalent atom bonds and hence not easily deformed. Bismuth expands on solidification [7] . Bismuth dissolves up to 21wt % in tin at eutectic temperature (139˚C), while the solubility decreases to very low levels at room temperature. The solubility of tin in Bi is negligible. The eutectic Sn-Bi alloy solidifies forming lamellar [8] . Bi and Sn phases with degenerate material at eutectic grain boundaries. Sn-Bi alloys containing more than 47% Bi expands on solidification [9] .
Experimental work

Preparation of the Alloys
The alloys were prepared by adding required proportions of individual pure alloying elements by melting in a graphite crucible in a muffle furnace. All the alloys were melted under protective cover of fluxes to minimize oxidation. The individual alloys were cast at 50˚C above their melting point in a metallic mould to produce rods of the alloys (150 x 12mm ) and these were homogenized for 24 hours. The test specimens close to the dimensions were obtained by machining the rods cast and homogenized.
2.2
Tensile Test The standard specimens of dimensions shown in the Fig. 3 (a) are used for testing the tensile properties of the specimens using screw driven INSTRON (Model-1175), at a cross-head speed of 0.001mm per second. The load extension plots obtained were analyzed to get true stress true strain plots. From these plots the tensile properties were noted or calculated wherever necessary.
The average value of three samples each was taken for estimating the properties in tension. The yield strength, tensile strength, percentage elongation, percentage reduction in area is directly read from the graphs whereas the toughness is calculated using standard formula.
2.3
Shear Test Lap joint shown in Fig. 3 (b) was devised for testing the shear strength of the solders. Copper plates of 500 x 450 x 4mm were overlapped to a distance of 50mm. The lapped joints were fastened together by means of 3mm bolts placed diagonally opposite. Then three holes of 10mm diameter spaced at equal distance apart were drilled into the plates. The inside of the holes was thoroughly cleaned after removing the bolts. A back up plate of 5cm length was then placed at the back and all the three were coupled to obtain lap joint assembly. The alloys were melted with all necessary precautions and poured into these holes. The back plate was removed after solidification and the lap joint thus formed was pulled in tension in a UTM at a crosshead speed of 1mm/min. The load at which failure occurred was noted and the shear strength of the alloy was estimated. 
2.4
Capillary Test The parallel plate specimen used in the test is shown in Fig. 4 (a). Two copper sheets with a fine coating of ammonium chloride and zinc chloride on both sides are taken. Small copper pieces are used as spacers between the plates to obtain uniform gap and the sheets are clamped by means of copper strips. The test specimen is then dipped into the molten solder at a temperature of about 100˚C above the melting point of the solder alloy. The specimens are dipped for one minute in each case and to a depth of 1 cm. Then they are quenched in water and opened up. The maximum rise of the solder above the surface of the melt is measured. The surfaces are also observed for void content, extent and quality of spread. The test was carried out at three different temperatures spaced at an interval of 20˚C. 
2.5
Spread of Drop Solderability Test A flat copper sheet is first cleaned and a thin coating of flux is applied. A sample in the form of a pellet is kept on the plate. This assembly is heated on a hot plate with controlled heating. The temperature of the pellet is measured by a thermocouple placed nearby. The sample is heated to a temperature of about 20˚C above the melting point of the alloy under investigation. The plate is then taken off and the pellet is allowed to cool. The area to which the solder has spread is measured and the percentage spread reported. This test gives basic information on surface characteristics. The solderability measured in this manner however is not directly related to those observed in rapid mass solderings operations.
2.6
Measurement of Contact Angle A simple test method reported by Mei and Morris [8] has been adopted to measure the contact angle of the alloys chosen for the investigation. A copper plate is first cleaned with dilute nitric acid and alcohol. A pellet of the solder is placed on the plate and this assembly is heated on a hot plate to a temperature of 20˚C above the melting point of the alloy for three minutes. The molten solder is allowed to solidify and the height and the diameter of the solidified droplet are measured.
Then the contact angle is evaluated by means of the formula
Where,  = contact angle L = Diameter of the pellet R = Radius of curvature of the pellet h = Height of the pellet and is apparent from the Fig. 4 (b) 2.7 Metallography The solder alloys are very soft and hence the specimens were carefully prepared for metallographic examination. The polished specimens were etched in different etchants like 3% nital, glycergia and mixed acids. The initial as-cast homogenized microstructures and those after testing were observed under ZEISS metallurgical microscope and recorded. The fractured samples in tensile and shear testing were examined under SEM.
Results and Discussion
Initial Microstructures
The microstructures of the Sn-Pb, Sn-Bi and Sn-Bi-Zn are given in Figs. 5 (a) to 5 (c). The eutectic composition of Sn-Bi system is Sn-58Bi. The microstructure of the alloy, shown in Fig. 5 (a) contains pure Bi and Sn phase in which Bi precipitates. The volume ratios of two phases are equal. As can be seen from the microstructure, it is essentially lamellar with degenerate material at the boundaries of eutectic grains.
The microstructure of the ternary alloy Sn-57Bi-1.3Zn ( Fig. 5  (b) ) is similar to that of Sn-58Bi eutectic alloy. However, the microstructure is considerably refined. This refinement leads to a great deal of improvement in mechanical properties as seen later. The microstructure of Sn-38Pb eutectic alloy in Fig. 5 (c) reveals a mixture of two phases made up of Sn phase in pure tin and Pb phase contains Sn precipitates. The dark regions are Pb rich phase and the bright regions are Sn rich phase. The microstructure is neither lamellar nor completely equiaxed. 
Mechanical properties
Yield Strength
The yield strength of the alloy varies with microstructure (processing), test temperature, strain rate and is a strong function of composition. Figure 6 shows the yield strength values obtained in this study for different solder alloys. It can be seen that all the lead-free solders exhibit higher yield strength than Sn-Pb alloy, which has an yield strength of about 15 MPa. Sn-BiZn ternary has the highest yield strength of about 52 MPa. The yield strength values obtained by de Kluizenaar [10] for eutectic Sn-Pb solder at room temperature are 23 MPa at a strain rate of 5X10 -5 s -1 and 32 MPa at 5 X 10 -4 s -1 . The tests in the present study were conducted at an initial strain rate of 6.6 X 10 -5 s -1 . As ambient temperature in the present case is high (30-35˚C), and the comparable strain rate during the tests will be still less than 6.6 X 10 -5 s -1 , the yield strength value obtained in the present study is comparable. The yield strength of 42 MPa obtained in the present study for Sn-Bi compares well with the yield strength reported by the above authors. Figure 6 shows the UTS data for solders alloys of the present study. It is clear that all the Pb-free solders exhibit higher UTS than conventional Sn-Pb solders. The UTS of Sn-Pb alloy is 27 MPa. Ternary Sn-57Bi-1.3Zn alloy has maximum UTS of 72 MPa amongst all the alloys. This is due to refinement of microstructure by Zinc addition. It is reported that UTS value for Sn-58Bi varies from 50-75 MPa [11, 12] . The UTS values obtained for these alloys in the present study are thus in agreement with those from the literature. 
Ultimate Tensile Strength
Ductility
Ductility is a qualitative subjective property of a material. High ductility enhances the low cycle fatigue resistance of a material. The ductility of a material is strongly correlated to the amount of damage that occurs during each strain cycle. Reasonable elongation to failure at high strain rates is essential to prevent failures of electronic assembly during handling. Figure 6 shows the percentage elongation for the solders under study. The tensile elongations reported here are total elongations, which include localized deformation in the neck. It can be seen from the Figure 6 that Sn-Bi, and Sn-Bi-Zn are less ductile than Sn-Pb. The alloy Sn-Bi has higher tensile strength and lower ductility whereas Sn-Ag has comparable ductility to that of Sn-Pb. This is similar to the observations by many earlier investigators on Sn-Bi [8, 13, 14] . Very little information is available on Sn-57Bi-1.3Zn. The UTS and percentage elongation reported on a similar alloy viz., Sn-31.5Bi-3Zn are 77MPa and 53% respectively [15] .
Shear Strength :
The shear strength of solder alloys is a measure of the ability of flip-chip interconnects to be compliant to the imposed strain. Analogous to U.T.S., the shear strength is sensitive to composition, microstructure and testing conditions, but in shear plastic instability does not intervene. From Figure 6 , it is observed that Sn-Zn, Sn-Bi-Zn, and Sn-Bi show higher shear strength than conventional Sn-Pb. Whereas Sn-Cu has Slightly lower value of 30MPa. The values are comparable with those available in database on mechanical properties of solders for similar test parameters [16] [17] [18] .
3.3
Fractography of specimens failed in tension Sn-58Bi: Figures 7 (a) shows the micrographs corresponding to the Sn-Bi alloy failed in tension. The microstructures show extensive interlamellar cleavage fracture with little plastic deformation. The sharp facets in Fig. 7 (a) are indicative of brittle fracture undergone by the alloy. Incidentally, this alloy exhibits minimum ductility of 10.65% amongst all the alloys under investigation.
Sn-57Bi-1.3Zn: The photograph in Fig. 7 (b) shows the fracture surface of Sn-Bi-Zn alloy. Comparing it with that of Sn-Bi in Fig. 7  (a) , it can be seen that there is marked difference in the appearance of fracture. The eutectic grains have become smaller and there is improved resistance for fracture. The extent of plastic deformation before fracture has improved. This results in higher ductility 27% than that of the binary Sn-58Bi alloy.
Sn-38Pb: The fracture surface of Sn-Pb exhibits a combination of cleavage and ductile fractures [Fig 7 (c) ]. As the colony size of the eutectic seems to be finer, this alloy exhibits higher ductility compared to Sn-58Bi and Sn-0.7Cu alloys. Formation of cavities and intergranular cracks between eutectic grains are also seen.
3.4
Fractography of samples failed in shear Sn-58Bi: Figure 8 (a) shows the features of fractured surface of Sn-58Bi eutectic alloy. The fractographs in figs reveal interlamellar tearing cleavage and stepped features with very little plastic deformation. Thus this alloy has least ductility of 10.65% (Fig. 6) Sn-57Bi-1.3Zn: The fractograph of Sn-57Bi-1.3Zn is presented in Fig. 8 (b) . Comparing this with the previous fractograph of binary, Sn-58Bi, it can be seen that there is significant change in mode of fracture. Addition of Zn seems to have lowered the eutectic colony size and proportion of dimples increased considerably. The dimple size also is fine. The enhancement of mechanical properties can thus be ascribed to the refinement of microstructure due to the addition of Zn to the binary alloy Sn58Bi. There is a marked decrease in the extensive stepped cleavage fracture of binary Sn-58Bi in Fig 8 (a) and corresponding improvement in ductility to 27% compared to the value of 10.65% for the binary Sn-Bi alloy.
Sn-38Pb:
Combination of cleavage and medium sized to small dimples are seen in the Fig. 8 (c) . Presence of dimples is an indication of plastic deformation undergone by the alloy. This shows that the Sn-Pb solder alloy exhibits reasonable ductility (40%) as shown in Fig. 6 .
Solderability
3.5.1
Introduction For any new solder alloy to be successfully used and find application in place of conventional and well-established Sn-Pb alloys, solderability of the alloy is a primary property to be considered. Characterization of the lead-free alloys for solderability is thus necessary for practical soldering applications. Solderability is determined by wetting behavior of the alloy. Wetting is a complex phenomenon and is affected by substrate and solder metallurgy, purity, soldering atmosphere, temperature, flux etc. The wettability of a solid by a liquid is characterized in terms of angle of contact that a liquid makes on the surface of the solid. Evaluation of wettability is done by procedures such as meniscometer / wetting balance technique, measurement of contact angle and amount of spread on solidification [19] . In this study, quantitative measurement of wettability or solderability has been done by simple standard laboratory tests as described in the section on experimental methods earlier. The results of the tests are presented in this chapter. Table 1 shows the wettability characteristics of lead-free solders in terms of contact angle, percentage spread of area. Contact angle is determined from solidification of pellet heated on a copper plate. Table 1 reveals that the measured contact angle of the alloys Sn-38Pb (25˚) and Sn-58Bi (35˚) agree very well with the contact angles of 24  2, and 35  2, respectively for these alloys reported by Mei and Morris [8] . Such a comparison could not be made for the remaining alloys owing to the lack of data in the literature.
Contact Angle
The area of spread after solidification of the pellet is closely related to the contact angle as is seen from Table 1 . Spread, which is a direct measure of wettability, increases as contact angle decreases. Any discrepancy may be due to contamination of the substrate or the effect of surrounding atmosphere.
Capillary rise or meniscus rise, shown in Table 1 indicate a similar trend. Sn-Pb conventional solder exhibits highest rise of 2.25 cm. For Sn-Bi and ternary Sn-Bi-Zn alloy, the capillary rise is quite low. Capillary rise of 2.25 cm obtained in the present study for Sn-Pb solder, is close to the rise of 2.8  0.5 reported in similar experiments conducted by Vianco and Frear [1] .
The laboratory tests provide a means of comparing the performance of a solder alloy for a given condition of flux/substrate. The lead free solders based on tin considered in this study appear to be somewhat inferior as far as wetting characteristics are concerned. However, the contact angles of these alloys are marginally higher by up to 10 0 than the conventional Sn-Pb solders. Area of spread seems to be satisfactory. As the contact angles are much lower than 90 0 , these alloys may be successfully used for soldering applications taking into account their mechanical properties, creep properties and their non-toxicity. 
Conclusions:
On the basis of data obtained in the present investigation the following conclusions are drawn:
a) It is observed that the yield strength and ultimate tensile strength of Sn-Bi and Sn-Bi-Zn alloys are higher than Sn-38Pb eutectic alloys. b) Lap shear tests reveal the superior shear strength of Sn58Bi-Zn (60.9MPa), and Sn-58Bi (41.35 MPa) alloys compared to the conventional Sn-38Pb solder strength of 35.52 MPa. The test results indicate the superiority of leadfree solders for flip-chip interconnects compared to traditional Sn-38Pb eutectic alloy.
c) The addition of Zn by a small amount to Sn-58Bi eutectic substantially improves the mechanical properties of the alloy. This is explained by the considerable refinement brought in the as cast initial bulk solder microstructure as revealed from the optical metallography. d) Sn-58Bi and Sn-57Bi-1.3Zn, with considerably lower melting temperatures than Sn-38Pb eutectic, but superior strength properties are attractive substitutes in addressing the needs of lower processing temperatures where the deformation and damage to the printed circuit boards are to be prevented.
e) The quality and reliability of solder joints rely on good wetting of the substrates by the liquid solder. Spread tests of solderability and capillary rise methods used in the present investigation show the excellent spreading characteristics of Sn-38Pb eutectic, while the Pb-free eutectic alloys fall on to a 'good' to 'fair' category. f) To summarize, all the Pb-free eutectics investigated have potential use to replace conventional Sn-Pb alloy in chip scale package (CSP) interconnects and other industrial applications.
